Our molecular understanding of cancer causation and progression has been hugely enabled by genome sequencing and other large-scale omics approaches, leading to the discovery and development of molecularly targeted drugs and companion diagnostics for personalized, precision treatment.^[@bib1]^ Of course, the outcome of cancer treatment is not determined only by the variation in the genetic makeup of a tumor. Interpatient differences in pharmacokinetics and changes in drug levels during treatment (aspects that are outside the scope of this article) are also likely to contribute to therapy resistance. Therefore, personalized treatment requires not only the characterization of the tumor cells but also individualized drug administration, as set out in the Pharmacologic Audit Trail.^[@bib2]^

Here we focus on the current status and issues facing molecular cancer diagnostics and especially discuss predictive biomarkers. In addition, we emphasize mechanisms of resistance to EGFR kinase inhibitors as a paradigm for the major challenge of drug resistance we now face in targeted therapy and personalized medicine. Finally, we anticipate a future in which longitudinal genome sequencing and other omics technologies will inform adaptive combinatorial treatment to tackle genetic and phenotypic heterogeneity and overcome drug resistance. We begin by giving an overview of some of the challenges in kinase inhibitor discovery and development.

The Emergence of Kinase Inhibitors for Cancer Treatment
=======================================================

Protein kinase inhibitors now play a leading role in the treatment of cancer, exemplifying small-molecule exploitation of oncogene addiction.^[@bib3],[@bib4]^ A total of 24 small-molecule kinase inhibitors have been approved for use as therapeutic agents, 17 of which are for cancer. In addition, four monoclonal antibodies acting on protein kinase targets have also been licensed for cancer therapy.

A recent report from the Pharmaceutical Research and Manufacturers of America suggests a very conservative approach to drug discovery. The report indicated that a significant proportion of industry activity in oncology is directed toward a relatively small number of targets, as shown by the fact that \>20% of the projects involving the clinical development of cancer drugs focus on only eight common kinase targets. In order of popularity, these are VEGF/VEGFR, the lipid kinase PI3K, human epidermal growth factor receptor 2 (HER2), mTOR, EGFR, MET, PDGF/PDGFR, and KIT ([http://www.phrma.org/sites/default/files/1000/ phrmamedicinesindevelopmentcancer2012.pdf](http://www.phrma.org/sites/default/files/1000/phrmamedicinesindevelopmentcancer2012.pdf); [http://www.forbes.com/sites/brucebooth/2012/06/07/ cancer-drug-targets-the-march-of-the-lemmings/](http://www.forbes.com/sites/brucebooth/2012/06/07/cancer-drug-targets-the-march-of-the-lemmings/)). In fact, with respect to preclinical development, the "congestion" of activity centering on these same targets is even greater.

On the other hand, our own mining of data from the ChEMBL^[@bib5]^ (<http://www.ebi.ac.uk/chembl/>) and canSAR^[@bib6]^ (<https://cansar.icr.ac.uk>) databases gives us an estimate of \~395 kinase inhibitors that are in clinical development, representing a high proportion (33%) of the total of \~1,200 cancer drugs currently in clinical development overall. Moreover, these 395 kinase inhibitors are believed to act on \~110 primary declared targets, with many of them modulating more than one kinase.^[@bib5],[@bib6]^ In addition, there is considerable further potential in this target class in the context of cancer. Our recent analysis^[@bib7]^ has identified 42 actual or potential kinase targets with cancer-causing mutations or other genomic abnormalities from the total of 479 cancer-related genes listed in the Cancer Gene Census^[@bib8]^ (<http://www.sanger.ac.uk/genetics/CGP/Census>). Also, only a small proportion of the 518 human protein kinases have been functionally annotated with "selective" small-molecule inhibitors.^[@bib9]^

The surprising imbalance of drug discovery and development activity may well be attributable to limitations in the availability of knowledge and technical resources.^[@bib10]^ For instance, limitations in the understanding of the underlying biological processes and the lack of suitable assays, chemical tool libraries, and informative biomarkers make the exploration of new targets both more difficult and more risky than pursuing those that are already well understood, validated, and shown to be successful. Less well studied kinases and other novel targets not only require enhanced investment but they also carry greater risk of failure; these are matters of major concern for the pharmaceutical industry from a commercial point of view. Such issues must be addressed through new paradigms such as nonprofit drug discovery and development programs and public--private partnership, which have the potential to increase creativity and innovation and reduce unnecessary duplication.^[@bib9],[@bib10]^

Molecular Diagnostics and Predictive Biomarkers
===============================================

From the initial pioneering experience with the HER2 antibody trastuzumab in breast cancer, to the BCR-ABL1 inhibitor imatinib in chronic myeloid leukemia and the EGFR kinase inhibitors gefitinib and erlotinib (**[Figure 1](#fig1){ref-type="fig"}**) in non-small-cell lung cancer (NSCLC), through to recent experience with the BRAF inhibitor vemurafenib in melanoma and the dual ALK-MET inhibitor crizotinib in NSCLC,^[@bib1],[@bib11]^ it has been recognized that the successful development and use of kinase inhibitors for cancer therapy is very much dependent on predictive biomarkers for patient selection. In the era of personalized cancer medicine, companion diagnostics have jumped to the front line of targeted prescribing of therapeutics. In our multidisciplinary team meetings we are now commonly faced with clinical decisions about individual patients involving the molecular profiling of their tumor tissue.^[@bib11]^

Arguably, most of the recent attention concerning molecular cancer diagnostics in the clinical setting has been focused on predictive biomarkers of response to therapy, such as *KRAS* mutations in metastatic colorectal cancer (mCRC),^[@bib12],[@bib13]^ *EGFR* mutations in advanced NSCLC,^[@bib14],[@bib15],[@bib16]^ and *BRAF* mutations in metastatic malignant melanoma.^[@bib17],[@bib18]^ The presence or absence of these predictive markers is directly linked to the response rates of particular targeted therapies with small-molecule kinase inhibitors or antibodies. Consequently, testing for them has become a critical step in the pathological diagnosis of the above-mentioned tumors.

Somewhat away from the spotlight, but still very important, there are many other clinical applications of molecular diagnostics in oncology (**[Table 1](#tbl1){ref-type="table"}**). For example, the molecular characterization of lymphomas and leukemias is now an integral part of the diagnosis, and several molecular abnormalities have been included in the latest World Health Organization classification of hematological malignancies.^[@bib19]^ Similarly, molecular analysis of soft-tissue sarcomas is emerging as a critical tool for differential diagnosis. Such analysis includes *SS18-SSX* fusions in synovial sarcomas, *EWSR1* fusions in Ewing\'s sarcoma, and *PAX3/7-FKHR* fusions in alveolar rhabdomyosarcomas.^[@bib20]^

Another important aspect of molecular diagnostics is the analysis of prognostic markers in certain malignancies such as chronic lymphocytic leukemia (including *TP53* mutations,^[@bib21],[@bib22]^ *IGHV* mutation,^[@bib23]^ and *CLLU1* expression^[@bib24]^), and breast cancer (including recurrence risk stratification using the OncotypeDx and Mammaprint gene expression signatures, or the IHC4 immunohistochemistry method that measures the expression of the estrogen receptor, the progesterone receptor, human EGFR2/HER2, and Ki-67^[@bib25],[@bib26],[@bib27],[@bib28]^). No less critical is the use of molecular monitoring of residual disease in chronic myeloid leukemia by determining *BCR-ABL1* expression^[@bib29],[@bib30]^ and in pediatric acute lymphoblastic leukemia (ALL) by assessing immunoglobulin and T-cell receptor gene rearrangements.^[@bib31],[@bib32]^

Given the increasingly critical role of molecular investigations in the clinical management of cancer patients, there is a clear need for developing robust, high-quality diagnostic tests and for their corresponding technical and clinical validation. Thorough technical validation is a prerequisite for establishing the performance characteristics of a methodology; these include sensitivity, specificity, and limits of detection and coverage as part of a standardized framework for the validation and verification of clinical molecular genetic tests.^[@bib33]^ Highly sensitive methods such as amplification-refractory mutation system, allele-specific real-time PCR, mass spectrometry, and high-resolution melting, among others, are now widely used to increase the detection rate of genetic abnormalities, thereby reducing the need for accurate tumor cell purification/selection and increasing the clinical value of the analysis.^[@bib34]^

However, increased sensitivity may lead to the detection of "subclinical" mutations, that is, those that are present in a small subclone of the tumor, potentially leading to a negative impact on response to certain therapies. For example, in a significant proportion of responding patients, concomitant, low-level *EGFR* p.T790M mutations associated with a shorter progression-free survival---so-called "gatekeeper mutations" that lead to reduced drug binding and resistance to tyrosine kinase inhibitors (TKIs) gefitinib and erlotinib in patients with NSCLC (see below)---are seen pretreatment alongside other *EGFR* mutations that cause sensitivity to these agents.^[@bib35]^ The presence of multiple mutations in a single tumor biopsy has become even more relevant with the advent of increasingly sensitive methods such as deep sequencing. This is especially so, given our growing knowledge of the oligoclonal heterogeneity and clonal selection in human cancers.^[@bib36],[@bib37]^

In view of this heterogeneity, one may contest whether a single biopsy of the primary tumor can provide the required information to treat the metastatic disease years later and whether multiple biopsies may be needed from each patient to ascertain the true molecular status of the tumor at the particular time point of treatment with respect to actionable mutations. On the other hand, there is evidence that the key initial driver mutations are generally present in both the primary and the metastatic biopsy specimens,^[@bib38]^ and clinical trials have demonstrated that there is benefit in testing primary resected material to treat metastatic disease.^[@bib17]^ Nevertheless, especially with the discovery of new, secondary mutations and other changes that may have therapeutic implications, we need to reassess our approach to molecular profiling by selecting the most appropriate sample to biopsy (such as cytological specimens from fine-needle aspirates or even circulating plasma DNA) so as to minimize invasive procedures.^[@bib39]^

It is clear, therefore, that there is a need to ensure robust clinical validation of companion diagnostics, preferably within the context of randomized clinical trials in which the detection of particular molecular biomarkers by means of a particular methodology can be clearly linked to patient outcome. In this regard, emerging data on subgroup analysis in retrospective cohorts have shown different mutations in particular genes may not all be identical with respect to response and outcome data. This is exemplified by recent data in colorectal cancer showing that *KRAS* p.G13D mutations seem to have less impact than *KRAS* codon 12 mutations in determining resistance to anti-EGFR antibody therapy.^[@bib40]^ Similarly, in gastrointestinal stromal tumors, mutations in exon 11 of the *KIT* gene are generally associated with good response and increased survival at a 400 mg dose of imatinib, whereas mutations in exon 9 of the same gene require either a higher dose of imatinib (600 mg or 800 mg) or a different TKI such as sunitinib to achieve a significant response.^[@bib41],[@bib42]^ This troublesome clinical issue is not made any easier by the imprecise and biologically ambiguous labeling of targeted drugs, involving the use of generic terms such as "mutations" or "activating mutations" instead of a defined list of specific mutations that have been proven beyond significant uncertainty to be associated with increased or decreased response to particular therapies.

With the availability of increasing numbers of novel targeted drugs approved in the first-line setting as well as experimental drugs in phase I, II, and III clinical trials, there is now an emerging need to move away from single-biomarker analysis. It is necessary, instead, to perform "panel testing" for a variety of potentially actionable biomarkers on which selection of targeted therapies may be based.^[@bib43]^ Although the initial assumption may be that such a strategy would increase the cost of diagnostics, a reasonable argument may be made, from the health economics viewpoint, that this may not be the case in terms of cost-effectiveness overall.

First, it is important to keep in mind the requirement that patients with advanced metastatic disease must be treated as early as possible: assuming an average turnaround time of 7--10 working days for a diagnostic test, sequential analysis of two clinically actionable biomarkers in the same specimen (such as *EGFR* and *ALK* in NSCLC) can take up to one month from the time of referral instead of the one to two weeks required for concomitant or panel testing. These waiting times associated with sequential analysis will increase considerably with the implementation of further companion diagnostics for additional new drugs; in many cases this would lead to urgent treatment decisions needing to be made without a complete molecular picture being available. It can be argued that early targeted treatment should translate into better outcomes with increased survival benefit, resulting in more cost-effective treatment. Second, real-time multiplexed analysis of several markers can increase the potential selection of patients for many different clinical trials, thereby speeding the recruitment rate and reducing the cost of early trials. Finally, many of the predictive molecular markers may also have potential prognostic impact; in the absence of comprehensive testing it may take many more years for their full clinical value to become clear, which is unacceptable.

It is important to consider the context of the tumor when selecting targeted therapies based on molecular genotyping. Different types of tumors may originate from different cellular types and are frequently driven by different combinations of genetic alterations. For example, BRAF inhibitors have shown unprecedented success in the treatment of malignant melanomas with BRAF-V600 mutations. BRAF-V600 mutations are also observed, with varying frequency, in other cancers. In some of these cancers, for example, in nonmelanoma malignancies such as hairy-cell leukemia,^[@bib44]^ BRAF inhibitors can achieve similar degrees of response. In other cancers, such as colorectal cancer, more complex underlying mechanisms preclude therapeutic success, including a feedback loop that increases the expression of EGFR. This latter finding suggests that a combinatorial therapy against both BRAF and EGFR kinases should be adopted in such cases.^[@bib45]^

Resistance to TKIs in NSCLC: A Paradigm
=======================================

After the initial promise of targeted therapies, drug resistance is now emerging as the major obstacle to progress in the field, and this includes kinase inhibitors. Of note, molecular mechanisms of drug resistance are currently being defined, resulting in pharmacologically actionable opportunities to restore sensitivity.^[@bib46],[@bib47]^ In many ways, the experience with TKIs in NSCLC exemplifies the successes and challenges of personalized cancer medicine. NSCLC is a major cause of death worldwide, estimated at 1.4 million fatalities per annum (<http://www.who.int/cancer/en/>; <http://globocan.iarc.fr/factsheets/populations/factsheet.asp?uno=900>). The finding that EGFR TKIs were effective and had particular activity in 15--30% of patients with EGFR mutations was a major advance; however, resistance sets in after approximately one year of treatment.

Resistance to TKIs in NSCLC provides a useful paradigm, and we as well as others have published commentaries on this aspect recently.^[@bib48],[@bib49]^ Resistance mechanisms have been identified through numerous methods, including mechanistic investigation of laboratory models and profiling of patients\' tumors. The investigations reveal the existence of a range of devious molecular tricks to elude EGFR TKIs, including ingenious means of maintaining addiction to the canonical signaling pathways downstream of EGFR as well as other less obvious but no less effective tactics (**[Figure 2](#fig2){ref-type="fig"}**). Thus, we see the second-site exon 20 EGFR gatekeeper mutation p.T790M that reduces drug binding in \~50% of all cases of EGFR mutation; the p.T790M mutation plus EGFR amplification in \~8% of cases; TK switching or receptor dimerization through MET amplification in \~5-19% of cases; overexpression of AXL and its ligand GAS6 in 20 and 25% of cases, respectively; and activating mutation of the PI3K p110α-encoding gene *PIK3CA* in \~5% of cases. There is also evidence of nuclear factor-κB signaling being implicated as a resistance mechanism to avoid TKI-induced apoptosis, for example through the low expression of the nuclear factor-kB inhibitory protein IκB.^[@bib50]^

Although resistance mechanisms are yet to be elucidated in a significant proportion of patients (\~30%), it is now clear that tumor heterogeneity and drug resistance may be detected not only at the genomic level but also at the morphologic level. It is a fascinating finding that transformation of NSCLC into the small-cell lung cancer (SCLC) phenotype emerges in 5--15% of cases receiving treatment with TKIs.^[@bib51]^ This may indicate that there is a minority SCLC subpopulation originally present that is selected for by therapy. Alternatively, the finding may be attributable to tumor plasticity via unknown mechanisms. A finding from a recent study illustrates another interesting form of phenotypic heterogeneity; NSCLC with squamous morphology and immunophenotype (by immunohistochemistry), and containing EGFR mutations, was reclassified after a secondary biopsy as "mixed adeno-squamous or adenocarcinomas with squamous morphology".^[@bib52]^ Furthermore, in \~20% of patients there is also intriguing evidence of the emergence of a drug-resistant and more malignant, invasive, and metastatic phenotype with stem cell--like traits. This is known as the epithelial--mesenchymal transition and may be partly linked to AXL activation.^[@bib51]^ Epithelial--mesenchymal transition is regulated by a variety of factors, including receptor TKs, transforming growth factor-β, Notch, Snail family transcription factors, and tumor--stromal interactions. Suppression of cell adhesion protein E-cadherin and increased expression of vimentin and/or fibronectin are common end points and useful epithelial--mesenchymal transition markers.^[@bib53],[@bib54]^

Of note, many of these mechanisms that cause resistance to TKIs in NSCLC suggest the use of various actionable therapeutic maneuvers depending on the molecular or phenotypic evidence. These therapeutic approaches include the use (alone or in combination with EGFR TKIs) of inhibitors of MET, AXL, PI3 kinase (or downstream targets thereof), and IKKB, and the introduction of SCLC chemotherapy or drugs acting on epithelial--mesenchymal transition cells^[@bib53]^, together with inhibition of transforming growth factor-β^[@bib55]^

New-generation irreversible inhibitors such as afatinib show potent activity against mutant EGFR with the second-site p.T790M gatekeeper mutation that reduces drug binding, as well as against wild-type EGFR (**[Figure 1](#fig1){ref-type="fig"}**). Although activity has been observed in preclinical models, clinical activity in gefitinib- or erlotinib-resistant tumors is yet to be observed.^[@bib56]^ Of note, studies in a human NSCLC xenograft model showed that sensitive wild-type and drug-resistant EGFR-mutant cells exhibited differences in growth kinetics, with EGFR p.T790M mutant cells growing more slowly than wild-type ones; based on this finding, evolutionary modeling led to optimization of dosing to prolong the clinical benefit of TKIs against EGFR-mutant NSCLC by delaying the development of resistance.^[@bib57]^ Furthermore, the research showed the effectiveness of using high-dose, pulsed, once-weekly afatinib with daily, low-dose erlotinib in delaying the emergence of p.T790M-mediated resistance. However, the combination of the two EGFR TKIs could lead to overlapping toxicities, comprising rashes and diarrhea. Alternative dosing strategies were therefore recommended for erlotinib versus afatinib.

Given the multiplicity of mechanisms of resistance to TKIs, it is likely that the optimal therapeutic tactics will be highly dependent on the actual mechanism in each individual patient. Together with the reality that logical therapies that can be derived from known resistance mechanisms may not always hold up in the clinic, this highlights the need for novel therapeutic strategies based on detailed molecular profiling of individual relapsed tumors.

Future Horizon for Precision Cancer Medicine
============================================

Progressively, and with increasing rapidity, the power of large-scale whole-genome sequencing and other "omics" technologies being used in discovery mode in thousands of patients is defining large numbers of pathogenic driver mutations that are the focus of addiction for cancer cells. These addictions, together with genetics-related synthetic lethalities and other tumor vulnerabilities, have yielded new targets for the current and next generation of molecular therapeutic drugs to treat defined, genetically stratified subgroups of patients with cancer. The hope is that such a personalized strategy in cancer therapy will, in due course, replace the conventional one-size-fits-all cytotoxic chemotherapy approach.

However, extraordinary genetic heterogeneity, both intratumor and intertumor, is being revealed in cancers, especially through deep sequencing.^[@bib36],[@bib37]^ Together with alterations in biochemical signaling pathways and feedback loops---as well as morphological variations, which will also have a genetic basis---this genetic heterogeneity and Darwinian clonal evolution in the face of the selective pressure of therapy provides an explanation for *de novo* and acquired resistance, which is now known to be the major limitation of molecularly targeted drugs, just as was the case with cytotoxic chemotherapy.^[@bib46],[@bib47]^

The solution to the inevitable challenge of polygenic cancer drug resistance is to identify not only all exploitable molecular abnormalities but also the full range of resistance mechanisms and thereafter to employ precision combinatorial targeted therapy matched specifically to the fully defined tumor profile,^[@bib46]^ as depicted in **[Figure 3](#fig3){ref-type="fig"}**. The future of such truly individualized therapies will require not only complete drugging of all possible targets in the cancer genome^[@bib1],[@bib8],[@bib11]^ but also the development of an enhanced comprehensive portfolio of companion predictive biomarkers.^[@bib2],[@bib58]^

Although whole-exome sequencing is fast becoming much more affordable and is increasingly common in clinical research (for example, to identify resistance mechanisms), it is unlikely to enter routine clinical practice in the next few years. However, with DNA sequencing costs plummeting, the pace of change may well surprise us. An approach that is more rapidly implementable in the short- to mid-term is the assessment of a defined panel of known actionable biomarkers in tumor tissue using next-generation sequencing. There is also potential for sequencing of circulating tumor cells or cell-free DNA^[@bib39]^ to capture a wider picture of the multiple primary and metastatic clones and facilitate repeat analysis, which might also be further enabled by metabolomics or molecular imaging.^[@bib46],[@bib59]^

We therefore envisage a future requiring adaptive combinatorial treatment to counteract the cellular and molecular heterogeneity of cancer and to prevent or overcome drug resistance caused by clonal evolution (**[Figure 3](#fig3){ref-type="fig"}**). In addition to tailoring drug dosages and schedules to optimize pharmacokinetic profiles, this adaptive approach will require not only consideration of anatomic heterogeneity but also the use of longitudinal genome sequencing or other large-scale omics profiling coupled to iterative switching of therapy in order to match the evolving tumor profile and the resulting vulnerabilities.
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![Chemical structures of epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors and their molecular modes of binding to the target. (**a**) Two-dimensional (2D) structure of reversible inhibitor gefitinib and the three-dimensional (3D) structure in complex with EGFR (PDB code 3UG2). (**b**) 2D structure of reversible inhibitor erlotinib and the 3D structure of the binding site of EGFR in complex with erlotinib (PDB code 4HJO). (**c**) 2D structure of the potent irreversible inhibitor afatinib (BIBW-2992) and the 3D structure of the binding site of EGFR in complex with afatinib, showing the covalent interaction with Cys797, highlighted in orange (PDB code 4G5J). PDB, Protein Data Bank.](clpt2012237f1){#fig1}

![Biochemical pathways leading to resistance to small-molecule epidermal growth factor receptor (EGFR)-targeting drugs such as gefitinib and erlotinib in non-small-cell lung cancer (NSCLC). Simplified pathway diagram showing EGFR signaling through the RAS/MEK/ERK and PI3K/PDK1/AKT pathways, illustrating the points of mutation/amplification in EGFR TKI resistance, along with other mechanisms. The resistance mechanisms include the EGFR p.T790M gatekeeper mutation, amplification of EGFR p.T790M, MET amplification, PI3KCA mutation, and an at least two-fold increase in the expression of GAS6 and its receptor AXL. Incidence rates are given where known. The FAS/nuclear factor-κB (NF-κB) signaling arm downstream of the FAS death receptor has also been shown to be important in EGFR tyrosine kinase inhibitor resistance. In addition, epithelial-to-mesenchymal (EMT) transition changes, perhaps associated with increased activity of AXL, and transformation from the NSCLC to the small-cell lung cancer (SCLC) phenotype can lead to decreased responsiveness. The identification of various resistance mechanisms suggests that a range of clinically actionable therapies could be used to overcome the resistance. For more details, see text.](clpt2012237f2){#fig2}

![Envisaging the future of personalized precision medicine for cancer treatment. Future approaches will be based on adaptive therapy in response to information from tumor profiling using multiple technologies, including next-generation sequencing to identify predictive and resistance biomarkers, and incorporating analyses of clonal, morphological, and anatomical heterogeneity and their variations longitudinally in real time.](clpt2012237f3){#fig3}

###### Examples of molecular biomarker investigations used in clinical practice to guide diagnosis and therapeutic decisions
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